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Figure 1:  White shark feeding on a yellowfin tuna carcass.

Figure 2:  White shark investigating, but not feeding on a California sea lion carcass.
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Striped bass, Morone saxatilis, and largemouth bass, Micropterus 
salmoides, are two of the top piscivores in California’s San Francisco 
Estuary.  The relative abundance of age-0 striped bass has plummeted 
since the late 1960s, whereas the abundance of largemouth bass has 
increased since the early 1990s.  Major changes to the estuarine food 
web have made it a likely place for significant striped bass food limita-
tion, and despite their population increase, there is evidence that young 
largemouth bass might also be chronically food-limited.  Food limita-
tion can be thought of as a context-dependent stressor, meaning that 
population-level consequences of food limitation are discernable only 
when they are severe enough to override other factors influencing the 
growth and mortality of young fishes. The purpose of this study was to 
clarify the role that food limitation plays in the early life history of striped 
bass and largemouth bass.  I used a combination of previously published 
beach seine data and bioenergetic modeling (BEM) to evaluate the ques-
tion, which species is likely more food-limited during its first growing 
season?  I hypothesized that age-0 striped bass would show evidence 
of greater food limitation than largemouth bass (as indexed by realized 
vs. potential growth).  The BEM simulations predicted that largemouth 
bass would grow larger than striped bass given the water temperature 
histories these fish experienced in the Sacramento-San Joaquin Delta 
during summer-autumn 2001 and 2003.  However, the striped bass col-
lected during autumn were larger than the largemouth bass and had 
thus performed better relative to BEM predictions.  I conclude that 
age-0 striped bass were less food limited than age-0 largemouth bass 
in these recent years.  As discussed, the upsurge of largemouth bass 
is likely the outcome of low survival in an expanding area of suitable 
habitat, whereas striped bass food limitation covaries in time with high 
entrainment loss and declining abiotic habitat suitability.  This contrast 
provides a counter-intuitive example of the context-dependence of food 
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repeated, controlled white shark scavenging events.
  

MAtERIALS AND MEtHODS

Carcass preference experiments were performed on 24 August 2004, near the 
northeast end of Guadalupe Island in 45 m of water.  White sharks were attracted to 
the anchored 15m R/V Malolo by chumming with beef blood and tuna carcasses.  
Blood was poured into a flow-through seawater system where it was diluted and 
pumped into the surrounding water, while the tuna carcasses were tethered by the 
caudle peduncle and buoyed near the vessel.  

Upon the appearance of the first white shark, a fresh tuna carcass and the de-
composing sea lion carcass were placed in the water.  Each carcass was tethered to 
opposite corners of the vessel’s stern, using 6 m of 6 mm diameter polypropylene 
line; the strong current held each bait approximately the same distance from the boat.  
Scavenging behavior was scored by documenting all interactions sharks had with the 
carcasses.  Klimley et al. (1996) defined many white shark behaviors associated with 
feeding events and here we attempt to use some of his terminology for the purpose 
of clarity and continuity.  Directed movements in which a shark came within 1 m of 
a carcass were defined as investigations.   Physical contact between a shark’s mouth 
and a carcass was defined as contact.  Grasping of the carcass in the shark’s mouth 
without the removal of flesh was defined as mouthing (per Klimely 1996), and events 
that resulted in flesh being separated from the carcass and swallowed was defined 
as a feeding event.

RESuLtS

Four adult white sharks, ranging in size from approximately 3.5 to 4 m, were 
attracted to the experiment over a period of 4 hours.  The sharks approached from 
the down current direction until they discovered the source of the attractant, after 
which they circled the boat and carcasses both at the surface and below the surface.  
Swimming was deliberate and relatively slow, even when approaching the carcasses 
to feed.  Thirty-eight interactions between sharks and carcasses were observed.  The 
tuna carcass solicited twice as many investigations as the sea lion carcass and a higher 
percentage of investigations that resulted in physical contact between the shark’s 
mouth and the carcass (Table 1).   All physical contact between a shark and a tuna 
carcass resulted in a feeding event, while the sea lion carcass solicited mouthing but 
never a feeding event (Table 1; Figures 1 and 2).

Table 1.  White shark carcass preference data.

Carcass Type Investigations Contacts           Mouthings         Feeding Events
Yellowfin tuna 16  10           0          10
Sea lion  8  4           4          0

CALIFORNIA FISH AND GAME112

limitation in these sympatric fish populations.

INTRODUCTION

Striped bass, Morone saxatilis, and largemouth bass, Micropterus salmoides, are 
two of the top piscivores in California’s San Francisco Estuary (Nobriga and Feyrer 
2007).  They have overlapping spatial distributions in the tidal freshwater of the 
Sacramento-San Joaquin Delta (Fig. 1), but are most strongly associated with differ-
ent habitat types; adult striped bass are anadromous and occur throughout the estuary 
and sometimes move into the coastal Pacific Ocean (Moyle 2002).  However, age-0 
striped bass are strongly associated with turbid, low-salinity habitats of the upper 
estuary and Delta (Nobriga et al. 2005; Feyrer et al. 2007).  In contrast, largemouth 
bass of all ages are most common near the vegetated and relatively unturbid habitats 
that have proliferated throughout much of the Delta during the past 25 years or so 
(Nobriga et al. 2005; Brown and Michniuk 2007).

The vegetated habitats used by largemouth bass have encroached on the turbid, 
open-water habitats more suitable for age-0 striped bass (Brown and Michniuk 2007; 
Feyrer et al. 2007).  This has resulted in a substantial increase in largemouth bass 
abundance in the Delta (Fig. 2), which now supports an important recreational and 
tournament fishery (Lee 20001).  The relative abundance of age-0 striped bass has 
been monitored intensively by the California Department of Fish and Game in the 
San Francisco Estuary for decades2.  This monitoring has documented a substantial 
long-term decline (Fig. 2).  The decline has been attributed to multiple factors; early 
studies placed a large importance on river flows and water diversions (Stevens 1977; 
Stevens et al. 1985).  Later studies emphasized contaminant effects (Bailey et al. 1994; 
Bennett et al. 1995).  The most recent population dynamics studies have emphasized 
egg supply reduction due to loss of large adult fish and declining juvenile carrying 
capacity (Kimmerer et al. 2000; 2001).  The latter may be due to a combination of 
food limitation (Kimmerer et al. 2000; Sommer et al. 2007) and declining abiotic 
habitat suitability during autumn (Feyrer et al. 2007).

Major changes to the estuarine food web have made it a likely place for significant 
striped bass food limitation.  Over the past 4 decades, there has been a long-term 
decline in the productivity of several lower trophic level organisms that historically 
helped fuel pelagic fish production, including striped bass.  In particular, the steep 
decline in mysid shrimp density and dominance of a smaller introduced species that 
followed the introduction of the overbite clam, Corbula amurensis, in 1986 is likely 
the most significant contributor to food limitation of young striped bass (Feyrer et 
al. 2003; Nobriga and Feyrer 2008).  Note that diet composition studies have also 
been used to suggest that the C. amurensis invasion did not affect juvenile striped 

1Lee, D. P. 2000. The Sacramento-San Joaquin Delta largemouth bass fishery. In-
teragency Ecological Program for the San Francisco Estuary Newsletter 13(3): 
37-40. (available online at http://iep.water.ca.gov/report/newsletter/)

2http://www.delta.dfg.ca.gov/
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INtRODuCtION

White sharks, Carcharodon carcharias, are opportunistic predators and scavengers, 
consuming a wide variety of prey to meet their caloric requirements.  As juveniles, 
the white shark diet consists mainly of nearshore fishes while marine mammals make 
up a significant portion of the adult diet (Ainley et al. 1981, Tricas and McCosker 
1984, McCosker 1985, Klimley 1985, Klimley et al. 1996, Estrada et al. 2006).  In 
addition to predation on live mammals, adult white sharks are known to scavenge 
marine mammal carcasses (Carey et al. 1982; Pratt et al. 1982; Casey and Pratt 1985; 
Long and Jones 1996; Curtis et al. 2006; Dicken 2008); an event thought to be an 
important part of the ecology of these large predators (Carey et al. 1982, Long and 
Jones 1996).  Although marine mammals have long been considered important only 
to adult white sharks, young of the year and juvenile white sharks have recently 
been observed scavenging a decomposing humpback whale carcass (Dicken 2008).

Guadalupe Island is known for its seasonal white shark population, which is 
present from August to February, with some sharks remaining into May (Domeier 
and Nasby-Lucas 2007, Domeier and Nasby-Lucas in press).  The Island is host to 
several potential white shark prey species, including seasonal and resident populations 
of both large pelagic teleosts and marine mammals.  Fishes include yellowfin tuna, 
Thunnus albacares, bluefin tuna (historically but not presently), Thunnus thynnus, and 
yellowtail, Seriola lalandi;  marine mammals include California sea lion, Zalophus 
californianus, Guadalupe fur seal, Arctocephalus townsendi, and northern elephant 
seal, Mirounga angustirostris (Walford 1974,  Hanan and Sisson 2001).  Beaked 
whales (likely Beradius bairdii, but uncomfirmed) and the large squid, Dosidicus 
gigas, have also been routinely observed at the island (this study).

A research expedition to study the white shark population off of Isla Guadalupe, 
Mexico (412 km south of San Diego, California) provided a unique opportunity to 
study the scavenging preferences and feeding behavior of adult white sharks.  The 
opportunistic discovery of a decomposing, but otherwise intact, sea lion carcass en-
abled us to devise an experiment that allowed adult white sharks to choose between 
the carcasses of two prey types common to Guadalupe Island: the California sea lion 
and yellowfin tuna.  This brief communication reports on observations made during 
1Current Address: Marine Conservation Science Institute, 2809 South Mission Road, 

Suite G, Fallbrook, CA 92028
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bass feeding success (Bryant and Arnold 2007), but analyses of available abundance 
indices provide compelling evidence for a C. amurensis impact on young striped bass 
carrying capacity (Kimmerer et al. 2000; Sommer et al. 2007).

Despite their population increase, there is evidence that young largemouth bass 

Figure 1. Map of the San Francisco Estuary, California showing the locations of the beach seine 
sampling sites used by Nobriga et al. (2005).
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might also be chronically food-limited.  Schaffter (19983) provided length-at-age data 
for largemouth bass collected from the Delta during 1980-1984 and again in 1995 
and 1997.  During both time periods, average lengths at age-1 were < 90 mm.  In 
contrast, length at age-1 in native Atlantic coastal river systems typically averages > 
120 mm (Meador and Kelso 1990).

Food limitation in fishes can be tested directly.  For instance, histopathological 
evaluations of fish liver tissue have been used to evaluate food limitation in larval 
striped bass (Bennett et al. 1995).  Bioenergetics modeling (BEM) can also provide 
insights into food limitation.  BEMs are mathematical simulation tools that predict 
fish growth or consumption as functions of time, water temperature, and ration; the 
latter is a function of two components, proportion of maximum ration (Pmax) and 
prey energy density (PED).  For instance, Rand et al. (1994) used BEMs to determine 
how well the forage fish base in Lake Ontario was meeting the predatory demand 
of Chinook salmon, Oncorhyncus tschawytscha.  Hartman and Brandt (1995) con-

3Schaffter, R. G. 1998. Growth of largemouth bass in the Sacramento-San Joaquin 
Delta. Interagency Ecological Program for the San Francisco Estuary Newsletter 
11(3): 27-30. (available online at http://iep.water.ca.gov/report/newsletter/)

Figure 2. Relative abundance trends for age-0 striped bass (1967-2006; solid line) and large-
mouth bass (1979-2006; dashed line) in the San Francisco Estuary, California.  The striped bass 
abundance indices are based on the California Department of Fish and Game Fall Midwater Trawl 
(http://www.delta.dfg.ca.gov/data/mwt/).  The largemouth bass abundance indices are summed 
daily salvage ∙ acre feet-1 of water diverted by the State Water Project and Central Valley Project 
in the Sacramento-San Joaquin Delta (http://www.delta.dfg.ca.gov/Data/Salvage/).  Note that 
these data series do not depict relative abundance among species.
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ducted a similar BEM-based analysis of striped bass, bluefish, Pomatomus saltatrix, 
and weakfish, Cynoscion regalis in Chesapeake Bay.  Locally, Sommer et al. (2001) 
used bioenergetic modeling to demonstrate that tagged groups of Chinook salmon 
released into a highly channelized reach of the Sacramento River were food-limited 
relative to groups released into the Yolo Bypass.

The purpose of the present study was to clarify the role(s) that food limitation 
plays in the early life history of striped bass and largemouth bass in the San Francisco 
Estuary.  I used a bioenergetic modeling approach to evaluate food limitation in these 
fishes.  The approach involved the use of BEMs to evaluate the question, which spe-
cies is likely more food-limited during its first growing season?  I hypothesized that 
age-0 striped bass would show evidence of greater food limitation than largemouth 
bass (as indexed by realized vs. potential growth).

METHODS

I used field data collected by Nobriga et al. (2005) to provide empirical inputs to 
the BEMs.  Nobriga et al. (2005) sampled fishes monthly (March-October 2001 and 
March-November 2003) using 30 m X 1.8 m, 3.2-mm mesh beach seines deployed 
from small-draft boats at five shoreline sites in the Delta (Fig. 1).  Eighty-seven 
percent of the 5,704 striped bass, and 99% of the 1,301 largemouth bass collected 
were measured for fork length (FL; to the nearest 1 mm) in the field.  These data 
provided robust and concurrent monthly length frequencies for both species based 
on a single gear type, which provided consistent time series for estimating age-0 
striped bass and largemouth bass growth rates.  Age-0 individuals remained vulner-
able to the sampling gear and clearly separable from older conspecifics throughout 
the sampled periods.

I also used striped bass and largemouth bass collected by Nobriga et al. (2005) 
to develop length-weight conversions.  Individuals of both species were subsampled 
(striped bass n = 521; 28-322 mm; largemouth bass n = 311; 27-310 mm), preserved 
in 10% formaldehyde, and returned to the laboratory where the fish were re-measured 
and weighed to the nearest 0.01 g using an electronic balance.  The resulting equations 
were: ln(wt) = 2.93ln(FL) – 11.0, and  ln(wt) = 3.10ln(FL) – 11.7, for striped bass and 
largemouth bass, respectively.  I used these equations to convert observed fish fork 
lengths (FL; mm) to weight estimates (g) to input into bioenergetic model (BEM) 
simulations and to convert BEM-predicted weights into length estimates (Table 1).

I used the striped bass and largemouth bass BEMs of Hanson et al. (19974).  I 
used the models heuristically to produce standardized arrays of plausible growth end 
points based on initial average sizes of age-0 striped bass and largemouth bass given 
the water temperatures they occupied during their first summer-autumn of life (Table 
1).  Then I evaluated the relative degree of food limitation among these species by 
comparing their observed autumn FLs to these standardized arrays of potentially 
achievable FLs.  Note that a key assumption is that differences in observed growth 

4Hanson, P. C., T. B. Johnson, D. E. Schindler, and J. F. Kitchell. 1997. Fish bioener-
getics 3.0. Center for Limnology, University of Wisconsin, Madison.
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ful topics for further study include understanding differing life-history strategies 
between sexes, and the fitness consequences of resource selection.  For instance, 
mule deer exhibit sexual dimorphism in size (Weckerly 1998), and the sexes 
segregate from one another for much of the year (Bowyer 1984, 2004).  Obtain-
ing a more complete knowledge of how larger males cope with weather variables 
and how they differ from responses of smaller females is a logical next step; 
initial findings indicate this may be important (Conradt et al. 2000).  Moreover, 
investigating the fitness consequences of resource selection (Farmer et al. 2006) 
is critical to understanding the response of large herbivores to a changing climate 
and how such changes relate to the population dynamics of these unique mammals 
(Post and Stenseth 1999, Forchhammer et al. 2002).   We suggest that additional 
studies are necessary to understand how weather variables and thermal landscapes 
influence resource selection by deer and other large herbivores, and hope that our 
research has provided an initial step in that direction.
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relative to BEM predictions reflects food limitation, possibly including contaminant 
effects on food supply, but not differences in direct contaminant effects on fish growth.  
This assumption seems reasonable since both species feed at similar trophic levels 
on similar prey taxa (Nobriga and Feyrer 2007) and water throughout the Delta is 
dominated by water originating from the Sacramento River (Kimmerer 2002).

To develop autumn size predictions, I converted the Nobriga et al. (2005) sampling 
dates to days of the year (1-365); each simulation started on the average collection 
day that a cohort fully recruited to the beach seine and ended on each cohort’s average 
final day of collection.  Note that the term cohort in this paper refers to an age-0 year 
class of a species in a given year.  Simulation start dates ranged from 27 June through 
18 July and end dates ranged from 6 October through 5 November.  The simulation 
start and end dates were shifted about 3-4 weeks later in 2003 due to differences in 
sample collection dates among years.  In both years for both species, age-0 fish were 
fully recruited to the beach seine during the same series of sampling events.  This 
suggests that striped bass and largemouth bass had considerable temporal overlap 
in spawn timing, so the BEM simulation durations were also very similar, ranging 
from 101-113 days (Table 1).

Water temperature data were collected by Nobriga et al. (2005) during each site 
visit using a hand-held thermometer.  Based on different spatial distributions of 
young striped bass and largemouth bass inhabiting the Delta, I used average water 
temperature at the three Sacramento River sampling sites (Fig. 2) for the striped bass 
simulations and average water temperature at the two San Joaquin River sampling 
sites for the largemouth bass simulations.  Summer-fall water temperatures ranged 
from 26º-18ºC and were typically 1-2ºC higher in the San Joaquin River (Table 1).  
The BEMs linearly interpolated water temperatures between months.

I generated variability in predicted autumn FLs by varying Pmax and PED, both 

          StrBas 2001 StrBas 2003       LarBas 2001       LarBas 2003

Sample size, 26-29 June 2001        440              464
Sample size, 14-18 July 2003   598          47
Mean FL (mm) ± SD        47 ± 14 47 ± 11            43 ± 8        45 ± 9
Mean wt (g) ± SD         1.7 ± 1.4 1.6 ± 1.2            1.2 ± 0.77        1.3 ± 0.88
Sample size, 4-11 Oct 2001        771              9
Sample size, 23 Oct-5 Nov 2003  53          18
Mean FL (mm) ± SD        93 ± 16 91 ± 14            80 ± 16        78 ± 15
Mean wt (g) ± SD         11 ± 5.9 9.7 ± 4.4            7.7 ± 5.3        7.0 ± 4.5
Water temperature range (ºC)        20-23 18-25            21-25        19-26
Model simulation duration (days) 104  101            101        113

Table 1. Summary data for age-0 striped bass (StrBas) and largemouth bass (LarBas) used in 
bioenergetic modeling simulations.  The fish were collected in the Sacramento-San Joaquin Delta, 
California, Jun-Oct 2001 and Jul-Nov 2003.  The mean fork lengths are based on beach seine 
collections (Nobriga et al. 2005); the mean weights were estimated from length-weight regression 
relationships.
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and cooler at night than areas in or near live-oak cover (Fig. 2).  We hypothesize 
these patterns were related to the absorption of solar radiation during the day and 
back radiation to open sky on clear nights in habitats other than live-oak cover.  
Correspondingly, deer were located in or near live-oak cover 80% of the time 
during daylight hours.  The most parsimonious models indicated that wind speed 
in particular, as well as air temperature, solar radiation, relative humidity, and 
interactions between those variables likely play roles in determining whether deer 
occur in or near live-oak cover or in other more open habitats (Table 1).   Further, 
resource-selection functions used to distinguish between deer locations and ran-
dom points based on habitat type performed best when limited to calm days with 
low wind speeds.  

Food and water may be important components of habitat selection by mule 
deer (Bowyer 1984, 1986, Boroski and Mossman 1996, Stewart et al. 2002).  Wa-
ter, however, is unlikely to be a critical component of resource selection by mule 
deer during winter (Bowyer 1986).  Likewise, seasonal changes in activity patterns 
of mule deer, including foraging behavior, are well documented (Bowyer and Kie 
2004).  Nonetheless, our best resource-selection models were for calm days only, 
an outcome that is hard to reconcile with the foraging ecology of deer.  This inter-
pretation for habitat selection would have deer seeking food or water in live-oak 
habitat only under calm conditions.  Consequently, we believe the most parsimoni-
ous explanation for black-tailed deer in winter pelage using live-oak thickets was 
to ameliorate heat gain on calm, warm days with low humidity.  

Although relationships between black-body temperatures, air temperature, 
and solar radiation were among the strongest we detected, wind speed and its 
interaction with relative humidity were the best predictors of where deer occurred.  
Wind speed was positively correlated with group size in southern mule deer, O. h. 
fuliginatus, with large groups in open meadows ostensibly acting as a mechanism 
to reduce the risk of predation under windy conditions (Bowyer et al. 2001).  Such 
gregarious behavior might be particularly useful when the detection of an ap-
proaching predator by deer was hampered by wind noise and moving vegetation 
(Bowyer et al. 2001).  We hypothesize that use of live-oak cover and nearby areas 
by black-tailed deer (Fig. 1) primarily during periods of low wind may reflect their 
relative inability under windy conditions to detect approaching stealthy predators, 
such as mountain lions, Puma concolor (Pierce et al. 2000a, 2000b).  Moreover, 
deer spending less time in live-oak cover at night than during the day may further 
reflect avoidance of mountain lions, which hunt primarily at night (Pierce et al. 
2000a, 2000b, 2004).  We cannot distinguish between these hypotheses, but note 
that they need not be mutually exclusive.  The critical point from our analysis is 
that weather variables influenced behavior and habitat selection of deer, whether 
through ameliorating heat gain on calm, warm days or limiting risk of predation.  
The failure to consider environmental variables in studies of resource selection 
could lead to an incomplete understanding of the ecology of these large herbivores.  

Our findings indicate that additional research on the role of the thermal 
environment in resource selection by large herbivores is warranted.  Several fruit-
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of which likely vary considerably in nature (Hartman and Brandt 1995; Lawson et 
al. 1998).  For each cohort, I produced nine potentially achievable autumn sizes by 
assuming an average PED of 3,000 J · g-1 and solving for end weights that produced 
Pmax of 50%, 60%, 70%, and 80% (± 0.1%) and for an average PED of 4,000 J · g-1 
and solving for end weights that produced Pmax of 40%, 50%, 60%, 70%, and 80% 
(± 0.1%).  These Pmax and PED combinations were chosen because they produced 
growth predictions that fully encompassed the observed autumn FLs at the observed 
water temperatures using PEDs in the range of typical striped bass and largemouth 
bass prey (Hanson et al. 19975).  The percentages of fishes in each cohort that equalled 
or exceeded the various BEM-based autumn FL projections were calcuated and then 
evaluated graphically. 

RESULTS

The BEM simulations predicted minimal growth differences among years for both 
species (Table 2).  The simulations also predicted that all else equal, largemouth bass 
would grow larger than striped bass by autumn given their observed initial sizes and 
the water temperatures each species inhabited.  Largemouth bass were predicted to 
be 1-15 mm larger than striped bass depending on year and the Pmax/PED combina-
tion that was modeled.

In the field however, the striped bass grew larger relative to their growth predictions 
than largemouth bass.  Most of the striped bass collected in the Delta during autumn 
2001 and 2003 had attained sizes that the striped bass BEM indicated represented 
about 60% of Pmax at a PED of 3,000 J · g-1 or 40%-50% of Pmax at a PED of 4,000 
J · g-1, while most of the largemouth bass had only attained sizes that the largemouth 

5Hanson, P. C., T. B. Johnson, D. E. Schindler, and J. F. Kitchell. 1997. Fish bioener-
getics 3.0. Center for Limnology, University of Wisconsin, Madison.

Pmax (%)    PED        SB2001   SB2003  LB2001       LB2003

50     3000         47    46       54  56
60     3000         67    66       76  79
70      3000         89    87       97  102
80     3000         112    109       119  124
40     4000         54    53       61  64
50     4000         82    80       90  94
60     4000         112    109       119  124
70     4000         145    140       146  153
80     4000         179    173       174  182

Table 2. Predicted autumn FLs (mm) of age-0 striped bass (SB) and largemouth bass (LB) in 
California’s Sacramento-San Joaquin Delta, 2001 and 2003.  Results are presented for various 
model input assumptions about combinations of proportion of maximum ration (Pmax) attained 
and average prey energy density (PED in J ∙ g-1).
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linking the role of the thermal environment to the ecology of large mammals (Na-
tori and Porter 2007).  We also used coarse descriptions of habitats, conservative 
estimates of environmental influences on deer from our black-body devices, and 
traded-off small sample size of deer to obtain detailed environmental measure-
ments in the primary habitats of these large herbivores.  We did, however, use a 
statistical design (conditional logistic regression) that allowed us to use all of our 
sampling locations while avoiding pseudoreplication (Boyce and McDonald 1999, 
Boyce 2006).   Despite all of these difficulties, including an accompanying lack of 
statistical power, we documented that abiotic conditions influenced habitat use and 
selection by black-tailed deer.  If these difficulties were going to negatively influ-
ence our analyses, we should have failed to detect effects of weather on habitat 
selection—we obtained the opposite pattern.

Measures of resource selection can be extremely sensitive to scale (Bowyer 
and Kie 2006).  We obtained a median error associated with deer locations of ~ 
150 m.  Some GPS collars provide more accurate locations than VHF systems we 
used, but are by no means free from error (Villepique et al. 2008).  Our telemetry 
error was similar to that of other investigators who were able to detect habitat se-
lection by mule deer (Nicholson et al. 1997, Stewart et al. 2002).  Buffering habi-
tats rather than deer locations yields the same analytical approach, and allows a 
more sophisticated statistical design.  Moreover, Kie et al. (2002) documented that 
mule deer and black-tailed deer made decisions about habitat selection at scales far 
larger than their home ranges.  Consequently, we believe our sampling scale was 
reasonable; telemetry error (and subsequent buffering of habitats) did not influence 
our ability to detect resource selection by black-tailed deer.

Weather data are likely to become increasingly important for understand-
ing the ecology of ungulates, especially under changing and variable weather 
conditions (Post and Stenseth 1999, Forchhammer et al. 2002, Lenart et al. 2002, 
Dussault et al. 2004).  Rachlow and Bowyer (1998) documented substantial dif-
ferences in habitat selection by maternal Dall’s sheep, Ovis dalli, in years with 
markedly dissimilar precipitation, temperature, and consequently forage availabili-
ties.  Bowyer et al. (1998) concluded that the thermal environment was a critical 
component of birth-site selection by neonatal black-tailed deer, and Bowyer et 
al. (1999) noted the importance of south-facing slopes in birth-site selection by 
moose, Alces alces.  Further, Andrew et al. (1999) described seasonal differences 
in selection of aspect by bighorn sheep, Ovis canadensis, in a Sonoran desert envi-
ronment.  We could not test for effects of aspect on resource selection by black-
tailed deer because our study areas had little topographic relief.  This is an area for 
future research.

Mule deer can exhibit hyperthermia when air temperatures exceed 20o C dur-
ing summer and 5o C during winter (Parker and Robbins 1984), although animal 
response may vary among populations and across broad geographic areas (Myster-
ud and Østbye 1999).  Moreover, mule deer seek daytime beds that provide refuge 
from solar radiation on hot, clear days (Sargeant et al. 1994).  In our study, open 
habitats where animals were exposed to more sunlight were warmer during the day 
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bass BEM indicated represented 50% of Pmax at a PED of 3,000 J · g-1 or 40% of 
Pmax at a PED of 4,000 J · g-1 (Fig. 3).

DISCUSSION

I hypothesized that age-0 largemouth bass would show less evidence of food 
limitation than age-0 striped bass.  However, the comparison of field collections 
with BEM simulations did not support this hypothesis.  The BEM simulations pre-
dicted that largemouth bass would grow larger than the striped bass given the water 
temperature histories these fish experienced in the Sacramento-San Joaquin Delta 
during summer-autumn 2001 and 2003.   However, the striped bass collected during 
autumn were larger than the largemouth bass (Table 1) and had thus performed better 
relative to BEM predictions (Fig. 3).

It is unlikely that my use of length frequency distributions from beach seine sam-
pling greatly influenced the results.  The mean autumn fork lengths of largemouth bass 
in this study (78-80 mm; Table 1), are in close agreement with previous estimates of 
length at age-1 based on analysis of scale annuli from specimens collected by elec-

Figure 3. Scatterplots showing the influence of proportion of maximum ration on bioenergetics 
model-predicted autumn fork lenths of age-0 striped bass and largemouth bass: a) striped bass 
2001, b) striped bass 2003, c) largemouth bass 2001, and d) largemouth bass 2003.  Results 
are shown for two prey energy densites: 3000 J ∙ g-1 shown as light grey symbols, and 4000 
J ∙ g-1 shown as black symbols.  Each weight prediction is sized to reflect the percentage of 
field-collected age-0 striped bass and largemouth bass that equalled or exceeded it (maximum 
bubble size = 100% exceedance).  Open symbols depict 0% exceedance.
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Finally, the conditional-logistic, resource-selection function stratified by individual 
deer was significant (P = 0.004, AICC = 1,823), and indicated that a point in or near 
live-oak cover was more likely to be a deer location than a random point (hazard 
ratio = 1.546). We then calculated similar resource-selection functions after dividing 
these data into two subsets: calm, where wind speed was ≤ the median value (102 m 
* min-1); and windy, where wind speed was > the median value.  When it was windy, 
habitat was not a significant predictor of deer locations versus random points (P > 
0.05).  When it was calm, not only was habitat a significant predictor (P = 0.035), 
but the model preformed substantially better (AICC = 775) than did the model for all 
wind conditions (Δ AICC = 1,823 - 775 = 1,048).

DISCUSSION

We tested the role of weather variables in the process by which black-tailed 
deer select resources; clearly, such variables can influence those decisions.  Even 
our coarse analysis of resource selection highlighted the influence of weather 
conditions in understanding the ecology of black-tailed deer during winter.  Our 
observations hold import for biologists and managers studying habitat selection 
for large herbivores where only measures of vegetation or topographic features are 
gathered.  Additional information on the thermal environment may provide further 
insights into the ecology and behavior of these large herbivores.

We acknowledge that our retrospective analysis involved data initially 
collected for other purposes.  These data, however, were appropriate for test-
ing hypotheses concerning the role of weather variables in resource selection by 
black-tailed deer.  Our analyses are especially timely because of new information 

Model           AIC    wi

(Rh*Wspeed)  (ID)      283.139 0.180
(Wspeed)  (ID)      284.274 0.131
(Air)  (ID)      285.442 0.129
(Air*Wspeed)  (Rh*Wspeed)  (ID)    283.781 0.111
(Wspeed)  (Air*Wspeed)  (ID)    283.810 0.102
(Solar*Wspeed)  (Rh*Wspeed)  (ID)    284.118 0.057
(Solar*Wspeed)  (Rh*Wspeed)  (ID)    294.383 0.001

Table 1.  Logistic regression models distinguishing deer locations in or near live oak cover 
versus other habitats during winter at Tehama Wildlife Management Area, California, USA, 
ranked by AIC values and AIC weights (wi).  Variables were: Air (air temperature, 0C), Rh 
(relative humidity, %), Solar (solar radiation, watts * m-2), Wspeed (wind speed, m * min-1) 
and Ppt (precipitation, mm * 10 min-1).  Individual (ID) was forced into each model to 
account for variability among individual animals.  The first seven models are indistinguish-
able based on the criterion ΔAIC < 2 and are shown here.  AIC weights (wi) were calculated 
based on all 22 possible models, hence, weights for these top 7 models do not sum to 1.
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trofishing (78-86 mm; Schaffter 19986).  Further, the mean October fork lengths of 
age-0 striped bass from the California Department of Fish and Game’s Fall Midwater 
Trawl Survey have ranged from 73-98 mm (California Department of Fish and Game, 
unpublished data).  The beach seine estimates of mean autumn striped bass fork 
lengths in 2001 (93 mm) and 2003 (91 mm) were likewise in agreement with CDFG 
data.  Thus, the appropriate conclusion appears to be that age-0 striped bass were less 
food limited than age-0 largemouth bass in these recent years.  I acknowledge that 
although 2 years of data allows for some contrast, it may not have been sufficient to 
capture the full range of recent feeding and growth variability experienced by these 
fishes.  Nonetheless, as discussed below, this result has implications for how food 
limitation is conceptualized as a stressor on fish population dynamics in the San 
Francisco Estuary.

The universal importance of first-year growth to fish recruitment is a subject of 
scientific debate (e.g., Houde 1987; Leggett and DeBlois 1994).  However, studies 
of young striped bass and largemouth bass in other systems have demonstrated that 
slow first-year growth can lead to poor survival (Hurst and Conover 1998; Ludsin 
and DeVries 1997).  Further, as stated above, statistical explorations of juvenile 
striped bass population dynamics have provided strong circumstantial evidence for 
food limitation following the C. amurensis invasion of the San Francisco Estuary 
(Kimmerer et al. 2000; Sommer et al. 2007).  Thus, the notion that largemouth bass 
food limitation may be worse than striped bass is counter-intuitive based on recent 
abundance trends (Fig. 1).

Striped bass food limitation, to the extent it is occurring, covaries with high en-
trainment loss to water diversions (Stevens et al. 1985; Kimmerer et al. 2001) and 
declining abiotic habitat suitability (Feyrer et al. 2007).  Thus, food limitation of age-
0 striped bass occurs as a stressor interacting with other persistent stressors that all 
contribute to decreased habitat suitability (Rose 2000).  This contrasts the situation for 
largemouth bass.  For largemouth bass, there is strong evidence that rapid increases in 
habitat have facilitated population growth (Nobriga et al. 2005; Brown and Michniuk 
2007).  Specifically, the rapid expansion of aquatic weeds and associated increase in 
water clarity in the Delta has improved habitat suitability for largemouth bass.  The 
present study suggests that this alteration is much more important to largemouth 
bass’ recent success than patterns of growth during the first year of life.  There have 
been no studies to determine the influence of first-year growth rate or size-at-age on 
survival of largemouth bass in the Delta, but based on studies elsewhere, small size 
is expected to result in low survival (Ludsin and DeVries 1997).  Thus, the upsurge 
of largemouth bass is likely the outcome of low survival in an expanding area of 
suitable habitat.  This contrast provides a counter-intuitive example of the context-
dependence of food limitation in these sympatric fish populations.

6  Schaffter, R. G. 1998. Growth of largemouth bass in the Sacramento-San Joaquin 
Delta. Interagency Ecological Program for the San Francisco Estuary Newsletter 
11(3): 27-30. (available online at http://iep.water.ca.gov/report/newsletter/)
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0.65), and relative humidity (r = -0.28).  For black bodies placed in other habitats, 
thermocouple temperatures were significantly (P < 0.05) correlated with air tempera-
ture (r = 0.73), solar radiation (r = 0.89), and relative humidity (r = -0.25).  In both 
habitats, thermocouple temperatures for black bodies were only weakly correlated 
with wind speed (r < 0.15). 

Deer were located in or near live-oak cover 80% of the time during daylight 
hours and 70% of the time at night.  By comparison, only 65% of random locations 
were in or near live-oak cover.  In using logistic regression to predict whether deer 
occurred in or near live-oak cover or in other habitats based on air temperature, 
relative humidity, solar radiation, precipitation, wind speed (and interactions among 
wind speed with air temperature, relative humidity, and solar radiation), we deter-
mined that only wind speed (P = 0.07) and the interaction between wind speed and 
relative humidity (P = 0.04) were significant or nearly so.  All other variables and 
interactions tested were not significant (P > 0.10).  The most parsimonious logistic 
multiple-regression model used to distinguish whether deer occurred in or near live-
oak cover was based on the interaction between wind speed and relative humidity, 
which had an 18% probability of being the best model (AIC weight, wi = 0.18).  Six 
other models, however, could not be distinguished from the best model based on the 
criterion ΔAIC ≤2 (Table 1).  

Fig. 2.  Comparison of air temperature and temperatures inside black-bodies placed in live-oak 
cover and non-cover habitats on a representative warm day (15 February 1991) at Tehama 
Wildlife Management Area, California, USA.  Air temperature is from the single weather station; 
black-body temperatures represent means from six black-body devices.   
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used differential Global Positioning System (GPS) data to obtain the true location of 
each collar.  The median error between the estimated and assumed known location 
was 149.7 m.   Consequently, we placed a 150-m buffer around each patch of live-
oak cover and classified each deer location as either being in or near live-oak cover 
(i.e., within the 150-m buffer) or in other habitats.  For comparison, we generated 
a similar set of random locations (n = 249) from a uniform distribution constrained 
by the range of X and Y coordinates of actual locations of deer (i.e., a matched-case 
analysis; Boyce 2006).  This procedure is equivalent to buffering locations of deer 
to deal with location errors, and also allowed a clear cut determination of whether a 
deer was in or near live-oak cover (i.e., a binomial response).  Moreover, buffering 
locations of deer would have required determining the relative proportions of habitat 
in each buffer (Nicholson et al. 1997), and prevented us from using logistic regression 
as an analytical tool.  We categorized wind conditions by inspecting data on wind 
speed obtained by the weather station.  Calm was defined as wind speeds ≤ to the 
median (102 m * min-1), whereas windy was > the median value.

We calculated simple correlation coefficients (r) between black-body temperatures 
and environmental variables measured at the onsite weather station.  To determine 
how air temperature, relative humidity, solar radiation, wind speed, and precipitation 
affected locations of deer (in or near live-oak cover or in other habitats), we used both 
univariate and all possible subsets of logistic regression (PROC LOGISTIC—SAS 
Institute 1999).  We examined the best 1-variable, 2-variable, 3-variable,…n-variable 
models including interaction terms, with individual animal forced into each model to 
account for potential differences among individuals.  Model fits were determined based 
on scores for Akaike Information Criterion (AIC, Burnham and Anderson 1998). 

We used conditional logistic regression (PROC PHREG—SAS Institute 1999) to 
formulate simple resource-selection functions distinguishing between deer locations 
and random points based on habitat type (in or near live-oak cover, or in other habi-
tats).  Data were stratified or blocked by individual, to make the individual rather than 
number of points the sampling unit, which avoided pseudoreplication, yet allowed us 
to use all of our samples on deer locations and random points (Boyce and McDonald 
1999, Boyce 2006).  As a result, we used AIC scores adjusted for small sample sizes 
(AICC—Burnham and Anderson 1998).  We reasoned that if thermal conditions af-
fected resource selection by deer, they should do so across broad vegetation types 
indicative of closed canopy compared with more open areas, as well as integrating 
effects of food and water on resource selection across these habitats.  

RESULTS

Temperatures of black-body thermocouples in live-oak cover were slightly 
higher than ambient air temperatures during daylight hours and slightly lower than 
ambient during the night.  Black-body temperatures in open habitats, however, were 
much warmer during the day and lower at night than ambient air temperatures (Fig. 
2).  Thermocouple temperatures for black bodies placed in live-oak cover were sig-
nificantly (P < 0.05) correlated with air temperature (r = 0.89), solar radiation (r = 
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